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Abstract--A computer model of the human nephron is presented that predicts urine 
flow. sodium and potassium excretion, urine osmolality, etc.. as well as pressures, flows 
and solute concentrations throughout the nephron as a function of arterial pressure. 
neural and hormonal inputs to the kidney and the concentrations of various solutes in 
the medullary interstitium. The model includes a feedback control system for regulating 
glomerular filtration rate and equations that equate model parameters to plasma levels 
of renal hormones. By modifying any of 49 parameters in an interactive control section 
of the program, the effects of complex abnormalities in hormonal control of the kidney 
and/or various renal diseases can be studied. Moreover, the model appears useful in 
evaluating hypotheses concerning the mechanismls) of such complex phenomena s 
pressure diuresis, glomerular-tubutar balance, the role of the kidney in hypertension 
and the influence of aging on renal function. 
1. INTRODUCTION 
The interplay of physical, neural, circulating hormonal and intrarenal humoral factors 
which regulate the function of the kidney makes it difficult to assess the overall effect of 
a disease or a therapeutic intervention on the excretion of sodium and water. It is very 
challenging, for example, to predict the change in sodium excretion when two opposing 
hormone systems are altered simultaneously. These questions concerning the response 
of the kidney to perturbations in complex control systems are ideally suited to computer 
analysis of a mathematical model. 
Over the last 40 years numerous models have been developed to better our under- 
standing of kidney function. The renal concentrating mechanism[l -4] ,  the vasa recta 
coun.'.rrcurrent exchange process[5, 6] and the coupling of fluid and water reabsorption 
in the proximal tubule[6-9] have received particular attention. There have been fewer 
attempts at modeling whole kidney function[10-13] and none of these previous models 
have considered the interactions of the kidney with the rest of the cardiovascular system. 
The difficulties in developing a whole kidney model has been discussed in detail by Jacquez 
t Computer diskette available. 
* Send correspondence to Dr. Richard J. Roman, Department of Physiology. Medical College of Wisconsin. 
8701 Watertown Plank Road, Milwaukee, WI 53226. USA. 
:7- Send reprint requests and requests for copies of the computer program to Dr. Fred R. Sias. Jr.. Dept. of 
Electrical and Computer Engineering. Clemson University. Clemson, SC 29634-0915. USA 
1045 
1046 RIC.~t.~,RD J. Ro~.I w,,/ ~.ND FRED R. Sl',S, JR. 
i 
and Carnahan[10]. Although they were successful in deriving a set of nonlinear partial 
differential equations that described kidney' function, they' were unable to solve these 
equations using existing mathematical or computer methods. 
In the present study, we have developed a computer model of the human kidney that 
predicts 56 variables, such as urine flow. urine osmolality, sodium excretion, etc., as well 
as flows and pressures throughout the nephron, as a function of arterial pressure and 
levels of neural and hormonal inputs to the kidney. The model is ~ ritten in Fortran and 
is sufficiently compact o run on personal microcomputers with 256K of memory. The 
model includes an interactive control section which allo,,vs the user to alter any or all of 
49 parameters such as hormone levels, hydraulic resistances, tubular water permeabilities 
and solute transport rates throughout the nephron. Through manipulation of the param- 
eters, the effects of abnormalities in hormonal control or the effects of renal disease on 
kidney function can be studied. Moreover, various hypotheses concerning the mechanisms 
underlying such complex phenomena as pressure diuresis, glomerular tubular balance or 
the effects of aging on renal function can be evaluated. 
2. MODEL DESCRIPTION 
A mathematical model of the kidney may be based on a distributed or compartment- 
alized view of the nephron. Most previous investigators have attempted to develop dis- 
tributed models over a limited region of the nephron[ I-9]. Jacquez and Carnahan[ 10] have 
described a complex set of partial differential equations which represent a distributed 
model of the entire renal cortex: however, these equations could not be solved analytically 
and have yet to be solved using a computer. Some of the problems in solving large dis- 
tributed renal models revolve around difficulties in defining boundary conditions for solute 
concentration in the interstitium. Additionally, many important parameters such as tubular 
compliances, capillary reflection coefficients and the volumes of intracellular and inter- 
cellular compartments have not as yet been measured. 
Consequently. to obtain a solvable whole kidney model we based our analysis on a 
compartmental model of a single nephron. We have limited the analysis to the steady 
state so that the system may be represented by a set of simultaneous algebraic rather than 
differential equations. In the steady-state solution, poorly defined constants uch as tu- 
bular and capillary compliances and single nephron vascular and interstitial volumes be- 
come irrelevant. A steady-state solution is also consistent with the goal of describing 
kidney function as it interacts with the rest of the cardiovascular system over periods of 
hours and days since transients in renal function are usually brief and reach steady-state 
values within a few minutes. Finally, the compartmental modeling approach that was used 
best fits the experimental methods used to define single nephron transport parameters on 
which the model was based. Micropuncture determinations of tubular transport of solute 
and measurements of tubular water and solute permeabilities represent average mea- 
surements made between two tubular puncture sites. They provide no information of how 
the rate of transport changes with distance along the tubular segment studied. 
The model of the human nephron described herein incorporates the anatomical features 
depicted in Fig. 1. It includes a glomerulus and a proximal tubule, thick ascending loop 
of Henle, and a distal tubule-cortical collecting duct segment that interacts ~ith a cortical 
interstitium and a peritubular capillary compartment. The cortical interstitium was as- 
sumed to be a single well-mixed compartment with a composition identical to that of 
systemic plasma. Fluid exiting the cortical collecting duct drains into a medullary col- 
lecting duct that interacts with a series of medullary interstitium-vasa recta capillary com- 
partments. The medullary interstitium and vasa recta compartments were also assumed 
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Fig. 1. Schematic representation f a simplified human nephron. Fluid reabsorbed from the proximal tubule. 
thick ascending limb and cortical collecting duct enters the cortical iterstitial compartment. Fluid exiting the 
cortical collecting duct enters the medullary collecting duct. Fluid reabsored from the medullary collecting duct 
is taken up into the medullary interstitial-vasa recta compartments. Fluid exiting the medullary collecting duct 
is excreted as urine. 
to be well mixed. The urea and sodium chloride concentrations within the medullary 
interstitial compartments were included as parameters of the model. 
The equivalent electrical circuit diagram of the model of the nephron is presented in 
Fig. 2. Hydraulic. oncotic or osmotic forces for fluid reabsorption are represented as 
variable batteries and labeled as P terms. R terms represent hydraulic resistances to fluid 
flow. K terms represent ultrafiltration coefficients. Arterial pressure drives renal blood 
flow, F,. into the glomerulus at node 1 in Fig. 2. Some fluid, F2, is filtered and is reabsorbed 
from the proximal tubule at node 5 into the interstitium (node 7) and back into the per- 
itubular capillary compartment (node 2). The remaining fluid, F3, flows through the loop 
of Henle and enters the cortical collecting duct compartment a node 6. A portion of this 
fluid is reabsorbed into the cortical peritubular capillaries (node 2) and the remainder, 
Fa, enters the medullary portion of the model at node 8. A portion of the fluid entering 
the medullary collecting duct Fa is reabsorbed into the medullary interstitium at nodes 
8-11. Fluid which is not reabsorbed in the medulla is excreted as urine at node 3. The 
fluid reabsorbed into the medullary interstitium returns via the vasa recta to the systemic 
circulation at node 14. 
The hydraulic network depicted in Fig. 2 can be represented by eight simultaneous 
algebraic equations based on Kirchoff's law. Loop equations were written for the eight 
flows F~-F~ in each of the closed pathways indicated in Fig. 2. According to Kirchoff's 
law, the sum of the pressure drops (flow times resistance terms) and the pressure rises 
(hydraulic forcing functions) in any closed loop must equal zero. For example, consider 
the loop connecting nodes I-4 and the flows contained in that loop, F~, F2 and F4. Around 
this loop the pressure rise due to arterial pressure, PART, equals the pressure drops across 
RAFF. REFF and RVEN: i.e. F~ times the sum of these resistances. Flows F,_. and F4 
oppose F~ through common hydraulic elements REFF and RVEN. The pressure drop 
resulting from F2 is equal to F2 x REFF and that from F4 equals Fa x RVEN. The overall 
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Fig. 2. Equivalent electrical circuit diagram of a human nephron. 
equat ion for the loop connect ing  nodes 1-4 is def ined in Eq. (1) below. Seven addit ional  
independent  loop- f low equat ions  were der ived simi lar ly and are descr ibed be low in Eqs.  
(2)-(8).  These  eight s imul taneous  a lgebraic  equat ions were easi ly so lved using computer  
matr ix  methods .  
PART = Ft  
X 
PASSYP + PHCO3P + PNAP = - 
+ 
X 
PSCCD - PASSYP  - PHCO3P - PNAP = - 
+ 
X 
PSCCD + PONCG = - 
+ 
PCDIN + PRCD(1) - PRCD(2) = F5 
× 
x (RAFF  + REFF  + RVEN)  - F2 
(REFF)  - F4 x (RVEN) ,  (1) 
Ft  + F2 x (REFF  + I /KFGLOM 
1/KPROX + I /KPERI )  - F3 
( I /KPROX)  - F4 x ( I /KPROX) ,  (2) 
Fz x (1 /KPROX)  + F3 x (1 /KPROX 
1/KDIST + RHENLE)  - F4 
( I /KD IST) ,  (3) 
FR x (RVEN)  - F2 x (1 /KPERI )  
F3 x (1 /KDIST)  + F4 x (RVEN 
RCD + 1/KDIST + I /KPERI ) ,  (4) 
x (RVR/4 + 8 /KCD + RCD/5) - F6 
(4/KCD) - F8 x (RVR/4),  (5) 
PCDIN + PRCD(2)  - PRCD(3) = - F5 x (4/KCD) + F6 x (RVR/4 + 8/ 
KCD + RCD/5) - F7 x (4/KCD) 
- Fs x (RVR/4),  (6) 
Network computer analysis of the human kidney 1049 
PCDIN + PRCD(3) - PRCD(4) = - Fs x (4/KCD) + F;  x (RVR/4 + 8/ 
KCD - RCD/5) - Fs x (4/KCD 
/ 
+ RVR:4), (7) 
PCDIN + PRCD(4) - PONCG = - F~ x (RVR/4) - F6 x (RVR/4) 
- F7 x (RVR/4 + 4/KCD) + Fs x (RVR 
+ 4/KCD + RCD/5). (8) 
Parameters 
Normal values for a l l  the parameters used in the model are presented in Table 1. The 
fi ltration coeff icients I K terms) were derived from reported hydraul ic conductivit ies mea- 
sured in rats or rabbits[14. 15], since data on the water permeabi l i t i ty of various nephron 
Tab le  l 
t ,$ :  HUMAN MODEL PARAMETER ASSIGNMENTS Z, :Z  
A1 : 2.080~9 
• •04800 
~ROTA~ 6.50000 g /d l  
C02A : 40.00000 mmHg 
CKA : 4.00000 mEq/1 
FHI : 18.50000 n l /mln  
GAIN : 5.00000 
HALDO : 8.i~0000 ng/d l  
HADH : 3 .0©000 pg/ml 
HF'~A : 2 .00000 ngAI/ml/3hr 
NgNA : I •00000 × normal  
NEFNO : 2 .40000 mi l l l on  
H~T : •45000 % 
KFGLOM:  3 .80000 mmHg/n l /min  
KPROX : .08739 mmHg/n l /min  
KPERI  : 24.00000 mmHg/n l /min  
KCD : .00040 mmHg/nl/min 
KDIST : .00530 mmHg/nl/min 
PART : 100.00000 mmHg 
PVEN : .00000 mmHg 
PHART : 7•40000 
RAFF : . i0000 nl/min/mmHg 
REFF : .07000 nl/min/mmHg 
RVEN : •05300 nl/min/mmHg 
RCD : 2.00000 nl/min/mmHg 
RMCD : 2.00000 nl/min/mmHg 
RVR : .10000 nl/min/mmHg 
RHENLE: .50000 nl/min/mmHg 
RAMAX : .50000 nl/min/mmHg 
RAMIN : .05000 nl/min/mmHg 
TNAP : 85.00000 pmol/min/mm 
TNAH : 1000.00000 pmol/min/mm 
TNACCD: 4•33000 pmol/min/mm 
TNAMCD: 34.20000 pmol/min/mm 
THCO3P: 400.00000 pmol/min/mm 
CSA : 300.00000 mEq/1 
CUA : 3.00000 mmol/l 
SSCD : .90000 
SUCD : .50000 
SHC03 : .96000 
SCL  : .50000 
DSCD • .00001 n l /min  
DELSCD; 25.00000 mEq/1 
DELSI : 48.00000 mEq/l 
DELUCD: 50.00000 mmol/l 
DELUI : 120.00000 mmol/1 
DUCD : .00005 n l /min  
DUL : .06000 n l /min  
SLPT : .45000 min /n l  
YIPT : 14.60000 min /n l  
AGE : 25.00000 years 
Coef f l c ient  fo r  ca lcu la t ing  COP 
Coef f l cxent  fo r  ca lcu la t lng  CQP 
Ar ter ia l  prote~n concent ra t ion  
Ar ter ia l  Par t la l  pressure of C02 
Ar ter la l  Potosslum concent ra t lon  
In i t ia l  ~lo~ ~n loop o~ Henle 
Factor  in tubu lar -g lomeru lar  feedback 
A ldosterone conc. in plasma 
ADH concent ra t ion  in plasma 
Plasma ren in  ac t iv i ty  
Renal nerve act iv i ty  
Total  number of nephrons 
Ar ter ia l  Hematocr i t  
Glomerular F i l t ra t ion  Coef f .  
F i l t ra t ion  Coef. prox.  tubu le  
F i l t ra t ion  Coef. per i tubu le  cap i l l .  
F i l t ra t ion  Coef. co l lec t ing  ducts  
F i l t ra t ion  Coef. d i s ta l  tubu les  
Mean ar ter ia l  pressure 
Venous pressure ,  assumed zero 
Ar ter ia l  pH 
Resistance a f fe rent  a r ter io le  
Resistance e f fe rent  a r ter io le  
Venous res i s tance ,  post per i tubu les  
Resistance of cor t l ca l  co l lec t ing  duct 
Resistance of  medul lary  co l lec t ing  duct 
Res istance of vasa rec ta  
Resistance of  loop of  Henle 
Max. res i s tance  const r i c ted  a f f .  a r te r io le  
Min. res i s tance  of  d ia la ted  afT.  a r te r io le  
Na t ranspor t  ra te  in  proximal  tubu le  
Na t ranspor t  ra te  in  loop of Henle 
Na t ranspor t  ra te  in  to r t .  co l l .  duct 
Na t ranspor t  ra te  in  medul lary  co l l .  duct 
B icarb .  t ranspor t  ra te  in prox.  tubu le  
Ar ter ia l  sa l t  concent ra t ion  
Ar ter ia l  urea concent ra t ion  
Ref lec t .  coe f .  sa l t  in  co l lec t ing  duct 
Ref lec t .  coef .  urea in  co l lec t ing  duct 
Ref lec t .  coef .  b icarb ,  in  prox.  tubu le  
Ref lec t•  coef• ch lo r ide  in prox.  tubu le  
D i f fus ion  coef .  to  sa l t  in co l l .  duct 
Sa l t  g rad ient  in  co l lec t ing  duct 
Sa l t  g rad ient  in  med. in ters t i t ium 
Urea grad ient  in co l lec t ing  duct 
Urea grad ient  in med. in ters t i t ium 
D i f fus ion  coef .  to  urea in co l l .  duct 
D l f fus ion  coef .  to  urea in Loop of Henle 
Slope of compliance of proximal  tubu le  
Y - in tercept  of prox.  tubu le  compliance curve 
AGE 
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segments in the human does not exist. These reported hydraulic onductivities (Pr) for 
different portions of the nephron are given in Table 2. Since these reported Pr values were 
factored per cm 2 of surface area of the rabbit tubule, they had to be scaled for the human 
nephron by multiplying the value by the surface area of the tubular segment in the human. 
The surface areas of various tubular segments inthe human were calculated from published 
data on the diameters and lengths of dissected human nephrons[l t, 16]. The rationale for 
applying hydraulic onductivity data from the rabbit and rat to the human kidney is jus- 
tified considering the similarity of nephron structure in these mammalian species. The 
nephron of all three species have similar features differing only in the length and diameter 
of each tubular segment[l 1, 16, 17]. 
All the forces for fluid movement in the model were represented asequivalent hydraulic 
pressures. These pressures were either hydrostatic or osmotic forces that sum algebrai- 
cally across the tubular membrane to drive fluid reabsorption. 
The osmotic forces were calculated from the difference in the solute concentrations 
across each tubular segment. The concentration of solutes in the tubular fluid was cal- 
culated by the model as described below. In addition to the osmotic forces for fluid 
reabsorption i renal tubules, an equivalent force for fluid movement secondary to active 
reabsorption ofsolute in each tubular segment of the nephron was calculated from reported 
tubular transport rates of various solutes as discussed below. The urea and ionic com- 
position of blood in the peritubular capillaries of the renal cortex ~vere assumed to equal 
that of systemic blood. Normal values for the concentration of these substances in blood 
are presented inTable 1 and were taken from data of Koushanpour etal.[l 1]. As discussed 
earlier, numerous models have been developed to explain the high concentrations of urea 
and sodium in the medullary interstitium. Nevertheless, the mechanisms responsible for 
the generation of the cortical medullary osmotic gradient remains an area of considerable 
controversy[18]. Instead of trying to predict he solute concentrations in the medulla, the 
concentration of urea and salt (primarily sodium chloride) in the interstitium at various 
levels of the medulla was considered as parameters of the model. Normal values for the 
urea and sodium concentration at various levels of the medulla are presented in Table I 
and were taken from the dog data of Schmidt-Nielsen and Robinson[19]. Data from the 
dog was used to model the human kidney, since the structure of the medulla nd urinary 
concentrating ability are similar in man and dog. 
Table 2 
Pf Lp I K'LpA 
ne~hron length diameter arch hydraul ic  water  filtration k values 
segment (cm) (um) (cm2) Conductance Permeability coefflcien~ used in mo4el 
(cm]/cm < sec) (nl/cm~ mln. mm~g) (nl/:~n.mm/~g) (nl/mln. m=/~) 
Proximal 1.5 30 .Olaf .035- .51 2-30 .028- .62 .087 
tubule (ll,16) 4~1) 414,15) 
~--nick ascending 1.0 20 .0063 .0012 .070 .~004 0 
loop of Henle 416) (ll) 414) 
Cortical 1.0 25 .0078 .0006- .037 .035- 2.2 .~003- .017 .001- .007 
Collec~in~ duct (11,16) (4,[6.17) (IA) ÷ADH 
Medullary 1.5 ]5 .0165 ? - .0067 ? - .39 ? - .0064 .CGOI- .0008 
Collecting duct (Ii.16) 44,16,17) (iA) +ADH 
~u~bers ~n parentheses  ind lcace  references from whlch va lues  were ob=a£ned. 
L - P,x (Vm/RT): ~here, vm Is ~he molar volume of va~er (cm3/mole). R is ~he gms conscan: 
p 
(cm 3. a~m/mole .'k), and T is ~empera~ure in °k . ~'ne value of L was conver:ed =o 
P 
=he units presenced by mul=Ipiylng by 760 ~Hg-sec/60 a:m-mln. 
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Proximal tubule 
The forces for fluid reabsorption i the proximal tubule were calculated by assuming 
fluid reabsorption is coupled to solute movement iso-osmotically. Under these conditions, 
fluid flux (Jz,) can be defined using Eq. (9), where Js is solute flux, and Posm is plasma 
osmolality. 
Jz' = Js/Posm. (9) 
Jv is also defined by Eq. (I0) below: 
Jv = KPROX × Pequiv. (I0) 
where KPROX is the filtration coefficient of proximal tubule and Pequiv equals the ef- 
fective hydrostatic force for fluid reabsorption. Rearranging terms. Pequiv can be cal- 
culated using Eq. (11): 
Pequiv = Js /(Posm × KPROX). (11) 
In the proximal tubule, we calculated riving forces for fluid reabsorption due to active 
reabsorption of sodium bicarbonate via a Na-H exchange process and for fluid reab- 
sorption due to electrical neutral active reabsorption of sodium chloride according to Eqs. 
(12) and (13): 
PHCO3 = THCO3P × LT/(Posm x KPROX). 
PNAP = TNAP x LT/~Posm x KPROX). 
(12) 
(13) 
The value for THCO3P (Table 1) was taken from the proximal tubular transport rate for 
sodium bicarbonate measured in the dog by Wong and Quamme[20]. TNAP represents 
the active reabsorption of sodium chloride via an electrical neutral pathway expressed in 
pmol/min/mm length of tubule, and LT is the length of the proximal tubule expressed in 
mm. The value of TNaP (Table l) was assumed to be 25% of THCO3P in accord with 
data of Warner and Lechene[21] and Green and Giebisch[22], indicating that active trans- 
port of sodium chloride accounts for about a fourth of the sodium and fluid reabsorption 
in the proximal tubule. 
A passive force for water reabsorption i the proximal tubule was also included in the 
model. This force, PASSYP, is caused by the asymmetric distribution of chloride and 
bicarbonate ions that develops across the proximal tubule due to the preferential reab- 
sorption of sodium bicarbonate in the early portions of the tubule. The magnitude of 
PASSYP was calculated using Eq. (14) as was originally described by Warner and 
Lechene[2 I]: 
PASSYP = RT x (kHCO3 x SHCO3 - ._XCL × SCL). (14) 
R represents the gas constant. T represents temperature, SHCO3 and SCL are proximal 
tubular eflection coefficients for sodium bicarbonate and sodium chloride, respectively. 
and HCO3 and CL are the lumen to blood concentration differences for bicarbonate and 
chloride across the proximal tubule expressed in mEq/l. Values for SHCO3 and SCL 
(Table 1) were taken from the work of Warner and Lechene[21]. Since bicarbonate r ab- 
sorption and the generation of the chloride-bicarbonate transtubular concentration gra- 
dients are distributed with length along the proximal tubule. PASSYP, PNAP and PHCO3P 
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were calculated with respect to distance along the proximal tubule using an iterative 
approach. An average values for these forces were then used in loop flow equation (2). 
Loop of Henle 
In short loops of Henle which predominate in the human kidney, the thick ascending 
limb of Henle is nearly impermeable to water[14]. There is only a short region of the loop 
in the thin descending limb of Henle where water reabsorption can occur[18]. The major 
transport functions which occur in the loop of Henle are active reabsorption of sodium 
chloride and passive secretion of urea[14, 18]. In order to simplify the present model of 
the nephron, we assumed that fluid is not reabsorbed in the loop of Henle. Therefore, 
the loop of Henle could be represented in the model (Fig. 2) simply as a h,vdraulic resis- 
tance between proximal and distal tubules. Active reabsorption of sodium chloride in the 
thick ascending limb of Henle is known to be load dependent[15]. That is more sodium 
and chloride is reabsorbed when distal delivery of sodium is increased[14, 15, 18, 23]. To 
simulate this behavior, we assumed that active reabsorption of sodium and chloride in 
the thick ascending loop of Henle obeys Michaelis-Menten kinetics and can be described 
by Eq. (15) below: 
f 
L 
LANACL = TNAH,'(I + CNACL/Km) dx. (15) 
) 
where LANACL is the amount of sodium chloride reabsorbed in the loop of Henle. L is 
the length of the loop segment (10 mm). TNAH is the maximum rate of sodium transport 
in the thick ascending loop of Henle expressed in pmole/min/mm length of tubule. CNACL 
represents the sodium concentration of the luminal fluid, and Km is the aflinit,v constant 
of the active transport system for sodium or chloride. 
Since v,'e assumed that no fluid was reabsorbed in the loop, the concentration f sodium 
at any point along the thick ascending limb was calculated as follows: 
CNACLL = CNAS - LANACL/F3. (16) 
where CNAS is the concentration of sodium in the proximal tubule and systemic ircu- 
lation, LANACL is the net transport of sodium chloride up to that point in the loop and 
F3 represents loop of Henle flow rate. 
The net amount of urea secreted in the loop of Henle (U) was calculated according to 
Eq. ( 17): 
f 
L 
U = DUL x (CUI2 - CURL)dx. (17) 
) 
The concentration ofurea at any point along the loop was calculated using Eq. (18) below: 
CURL = CUA + U/F3. (18) 
where DUL is the diffusion coefficient for urea in the loop of Henle, CUI2 is the urea 
concentration i  the medullary interstitium at level 2, CURL is the urea concentration i  
the lumen of the thick ascending limb and F3 is the flow rate in the loop of Henle. The 
urea concentration i  the second medullary level was used to represent the behavior of 
the "'average loop of Henle," since the loop of Henle of some juxtamedullary nephrons 
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extend deep in the medulla, whereas the loops of supe~cial  nephrons (which predominate 
in the human) usually do not enter the inner medullar~ interstitium[18, 231. 
Cortical collectiny, duct 
Transport in the distal convoluted tubule, connecting tubule and cortical collecting duct 
was lumped into a single compartment termed the distal tubule-cortical collecting duct 
segment (Fig. 2). The force for fluid reabsorption i this segment was calculated as follows: 
PSCCD = RI  x [POSMS - ICINCCD + CSCCD/2)]. (19) 
where R is the gas constant. T is temperature. POSMS is systemic plasma osmolality, 
CINCCD represents the osmolality of the fluid entering the cortical collecting duct and 
CSCCD is the osmolality of the fluid leaving the cortical collecting duct. Along the cortical 
collecting duct. we assumed that reabsorption of sodium chloride is accompanied b~ an 
equal and opposite secretion of potassium chloride[14, 15]. The rate of this exchange 
process was assumed to be regulated by plasma levels of aldosterone. The osmolality of 
the fluid leaving the cortical collecting duct (CSCCD) was calculated using Eq. (20): 
CSCCD = F~ x CINCCD/Fa, (20) 
where F 3 is loop of Henle flow rate, CINCCD is osmotic concentration of the fluid entering 
the collecting duct and F4 is flow rate leaving the cortical collecting duct. 
The concentration of the individual solutes, ie. potassium {CKCCD). urea {CUCCD) 
and sodium ~CNACCD), exiting the cortical collecting duct were calculated from Eqs. 
(21)-(23): 
CKCCD = (F3 x CKA + TNACCD x LT)/F4. 
CUCCD = CURL x F.,/Fa, 
CNACCD = (CSCCD - CKCCD):2, 
(21) 
122) 
(23) 
where F3 is flow in the loop of Henle. F4 is the flow out of the cortical collecting duct. 
CKA is the systemic plasma potassium concentration, TNACCD is the sodium transport 
rate in the cortical collecting duct, expressed as pmol/min/mm tubular length, LT is the 
length of the distal tubule-cortical collecting duct segment (10 mm)[16]. CURL is urea 
concentration of the fluid exiting the loop of Henle calculated from Eq. 118) and CSCCD 
is the osmolality of the fluid exiting the cortical collecting duct calculated using Eq. (20). 
Medtdlary collectin~ duct 
Fluid reabsorption from the medullary collecting duct is driven by the differences in 
hydrostatic and osmotic forces acting across nodes 8-11 in Fig. 2. The osmotic force 
PRCD(I) for fluid reabsorption expressed in mmHg at each medullary level was cal- 
culated using Eq. 124) below: 
PRCD(1) = RT x {SSCD x [CSI(1) - CSCD(I)] = SUCD x [CUll1)]} + PONG, 
(24) 
where R is the gas constant, T is absolute temperature, SSCD is the salt reflection coef- 
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ficient of the medullary, collecting duct, CSI(1) is a parameter representing the salt con- 
centration i the medullary interstitium, CSCD(I) is the salt concentration in the medullary 
collecting duct. SUCD is the urea reflection coefficient of the medullary collecting duct, 
CUI(I) is a parameter representing the urea concentration of the medullary interstitium, 
CUCD(I) is the urea concentration f the fluid in the medullary collecting duct and PONG 
is the colloid osmotic pressure of the plasma in the vasa recta capillaries. PONG was 
calculated from the arterial protein concentration a d the single nephron filtration fraction 
as has been described previously by others[4, 5]. As discussed earlier, the concentration 
of urea and salt (primarily sodium chloride) in the interstitium at each medullary level 
were included in the model as parameters. The concentrations of salt [CSCD(1)] and urea 
[CUCD(I)] in the lumen of the medullary collecting duct were calculated using Eqs. (25) 
and (26): 
CSCD(1) = [FCDIN(1) X CSCDIN(1) - MSCDf l ) ] /FCDIN( I  + 1). (25) 
CUCD(1) = [FCDIN(1) × CSCDIN(1) - MUCD(1)]/FCDIN(I  + 1). (26) 
where FCDIN(1) is the fluid flow rate into the medullary collecting duct segment FCDIN(I 
+ 1) is the volume flow rate out of that tubular segment, CSCDIN(1) is the salt concen- 
tration entering the tubular segment, CUCDIN(1) is the urea concentration of the fluid 
entering the tubular segment, MSCDI is the mass of salt reabsorbed from the collecting 
duct segment into the medullary interstitium and CUCD(1) is the mass of urea reabsorbed 
in that tubular segment. 
The mass of urea and salt reabsorbed in each medullary collecting duct segment was 
calculated as follows using Eqs. (27) and (28): 
MSCDI(1) = DSCD x [CSCD(I) - CSI(I)] + FWCDI(1) 
x CSCD(I) x (I.0 - SSCD) + TNAMCD, 
MUCDI(I) = DUCD x [CUCD(1) - CUI(I)] + FWCDI(I) 
x CSCD(I) x (1 - SUCD), 
(27) 
(28) 
where DUCD and DSCD represent the urea and salt diffusion coefficients of the medullary 
collecting duct, FWCDI(1) is volume reabsorption from the tubular segment derived from 
the previous solution of the loop flow Eqs. (1)-(8), SSCD and SUCD are the salt and 
urea reflection coefficients, CSCD(1) and CUCD(1) are the concentrations of salt and 
urea in the medullary collecting duct and CSI(I) and CUI(1) are the salt and urea con- 
centrations in the medullary interstitium. 
As depicted in Fig. 2, fluid and solute reabsorbed from the medullary collecting duct 
empties into a juxtaposed vasa recta-medullary interstitium node. This reabsorbed fluid 
exits the medulla to the renal vein through node 14. To make this simplification of the 
countercurrent system, we assumed that the solute concentration of the vasa recta blood 
and medullary interstitium rapidly equilibrates and can be represented at any medullary 
level by a well mixed compartment. This assumption is a direct application of the central 
core hypothesis proposed by Stephenson et al.[1]. Secondly, we assumed that the vasa 
recta in the steady state must remove from each medullary compartment a quantity of 
water that exactly equals the fluid reabsorbed from the medullary collecting duct in that 
segment. Using these assumptions, atsteady state solute loss from a medullary interstitial 
compartment equals the volume flow out of the compartment times the interstitial urea 
and sodium chloride concentration at the boundary of the comparment. 
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3. MODEL SOLUTION 
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The model was solved using an iterative approach outlined in Fig. 3. The cortical and 
medullary models are loosely coupled and were solved independently. For a given set of 
parameters and initial estimates for flow in loops 1-4 of the cortical model (Fig. 2), a set 
of flow dependent equivalent hydrostatic forces for fluid movement were calculated. The 
network loop Eqs. (I)-(4.) were then solved using matrix methods and the new flows F~- 
F4 were used to recalculate forcing functions throughout the cortical model. The cortical 
solution was allowed to iterate until it converged on a value for flow out of the cortical 
collecting duct that deviated from the previous estimate by less than lC~. Using this 
estimate of flow entering the medullary collecting duct, initial values for the various equiv- 
alent hydrostatic forces acting across the medullary collecting tubule were calculated and 
the network Eqs. (5)-(8) were solved. These new estimates of fluid flows into and out of 
each node were used to recalculate the medullary hydrostatic tbrcing functions and the 
medullary solution was allowed to iterate until the calculated urine flow varied by less 
than 1% from the estimates obtained from the previous olution. 
t 
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Fig. 3. Flow diagram for the solution of the computer model of a human nephron. 
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4. RESULTS AND DISCUSSION 
Calculated variables 
A summary of all predicted variables using the parameters li ted in Table 1 are presented 
in Table 3. The model predictions for urine flow. urine osmolarity, sodium and potassium 
excretion, glomerular filtration rate and renal blood flow are all within normal limits 
usually reported for a normally hydrated man eating a typical American diet[23]. The 
values for tubular fluid flow rates, solute concentrations and tubular hydrostatic pressures 
throughout the nephron closely agree with micropuncture data previously reported for 
the dog[20, 24, 25]. We would expect hat these predicted single-nephron values apply to 
man as well, since the tubular diameters and tubular lengths[16], as well as the value of 
glomerular filtration rate divided by the number of nephrons are similar in both species[23]. 
Thus, using published values for solute transport rates in various tubular segments of the 
dog nephron, hydraulic onductivities reported for the rabbit nephron[14. 15]. values for 
the lengths and diameters of various segments of the human nephron[l 1, 16], as well as 
measured concentrations for salt and urea at different levels of the medulla of the dog[ 19], 
the model quantitatively predicted reasonable values for flows, pressures and solute con- 
centrations throughout the nephron. One important finding was that the model predicted 
that 65% of the filtered load of water was reabsorbed along the proximal tubule. This is 
consistent with micropuncture data in rats[9, 21, 22] and dogs[20, 24. 25]. The primary 
forces we included in the model for fluid reabsorption i the proximal tubule were active 
bicarbonate reabsorption [Eq. (12)] and the solute asymmetry force [Eq. (14)]. Thus the 
prediction of normal fractional fluid reabsorption i  the proximal tubule is in general 
agreement with previous conclusions of Warner and Lechene[21] and Andreoli and 
Schafer[26] suggesting that active transport of bicarbonate in the proximal tubule generates 
sufficient force to account for most of the fluid reabsorption that occurs in this nephron 
segment. 
Tubuloglomerular feedback control of GFR 
Considerable controversy exists over the mechanisms responsible for autoregulation 
of glomerular filtration rate and renal blood flow. There is evidence that supports the 
hypothesis that a myogenic vasoconstriction of the afferent arteriole is primarily in- 
volved[27-29]. Conversely, other data favors a tubuloglomerular feedback control mech- 
anism for GFR autoregulation. It has been proposed that the loop of Henle flow or some 
solute concentration i  loop fluid is sensed by the cells of the macula densa and that these 
cells send a message through the juxtaglomerular pparatus that results in adjustments 
in arteriolar esistance[25, 30-32]. Most of the experimental evidence has suggested that 
these resistance adjustments occur primarily in the afferent arteriole[30]. Hall et a/.[33] 
have emphasized that changes in efferent arteriolar resistance may also be involved. One 
of the important uses of the renal model was to investigate various hypotheses concerning 
the mechanism of autoregulation. 
Using the model, we evaluated the hypothesis that a feedback control system that 
sensed loop of Henle flow and adjusted afferent arteriolar esistance was sufficient o 
explain autoregulation f renal blood flow and glomerular filtration rate in man. This was 
accomplished by adding an iterative loop to the model which would incrementally increase 
afferent arteriolar esistance until loop of Henle flow (FHS) was returned to its control 
value plus or minus an error signal defined by an adjustable feedback gain according to 
Eq. (29): 
FHS = FHIc + (FHI - FHIunc)/(l + GAIN). (29) 
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V~RS: 
CPROTG- 7.25696 g ld l  
CSURIN- 189.93440 mEq/l  
CUURIN- 315.35930 mmol/1 
CSI I  - 400.00000 mEq/l  
CSI2 - 448 .0~0 mEq/ l  
CSI3 - 496.00000 mEql l  
CS14 - 544.00000 mEq/l  
CU l l  - 50.00000 mmol/1 
CUI2 - 170.00000 mmol / l  
CUI3 - 290.00000 mmol/1 
CUI4 - 410.00000 mmol / l  
CSCDI - 97.87453 mEq/l  
CSCD2 - 101.84180 mEq/l  
CSCD3 - 115.89160 mEq/l  
CSCD4 - 158.11780 mEq/1 
CUCD1 - 166.83600 mmQl/l  
CUCD2 - 181.94480 mmol / l  
CUCD3 - 210.58340 mmol / l  
CUCD4 - 272.38730 mmol / l  
CINCCD- 48.55908 mosm/1 
CSCCD - 259.08120 mosm/l 
CHCO3A- 24.02296 mEq/1 
CKCCD - 33.89401 mEq/l  
CKURIN- 48.70658 mEq/1 
CNURIN-- 46.26062 mEq/l  
CURL - 30.27597 mmol / l  
DDNACL- 5153.25400 pmol /min  
EXK 43.11718 pEq/min 
EXNA - 40.95191 pEq/min 
EXUR - 279.16970 pmol /min  
FSNRBF- 466.30900 n l /min  
FEFF 412.80490 n l /min  
FGFR - 53.50410 n l /min  
FHENLE- 18.40448 n l /min  
FFRACT- .20862 
FWPI  35.09962 n l /min  
FWCDI1- .41229 n l /min  
FWCDI2- .59079 n l /min  
FWCDI3- .74194 n l /min  
FWCDI4- .81925 n l /min  
FURINE- .88524 n l /min  
FCCD 3.44952 n l /min  
GFR 128.40990 ml /min  
RBF 1119.14200 ml /min  
UF 2.12458 ml /min  
LBPT - 3.21332 mm 
LANACL- 4963.99900 pmol /min  
OURINE- 505.29370 mosm/l 
PASSYP- 190.43170 mmHg 
PONCG - 23.16293 mmHg 
PCDIN - 1.37981 mmHg 
PCTDO - 34.39826 % 
PCTDR - 27.95106 % 
PCTPR - 65.60175 % 
PCTFE - 1.65453 % 
PGLOM - 53.36910 mmHg 
PPROX - 16.11395 mmHg 
PDIST - 6.91171 mmHg 
PPERI - -  24.53155 mmHg 
PNAP - 97.49972 mmHg 
PSCCD - 28~1.27100 mmHg 
PCI - 3.44205 mmHg 
PHCO3P- 98.28944 mmHg 
TEXK - 103.48120 uEq/min  
TEXNA - 98.28458 uEq/min 
TEXUR - 670.00740 umol /min  
TAB - 1285.32700 pEq/min 
TTNAP - 1275.00000 pEq/min 
Table 3 
Mean glomerular proteLn  concent ra t lon  
Sa l t  concen t ra t lon  xn ur ine  
Urea concent ra t lon  ~n ur lne  
In ters t l t ia l  b lock  I med. sa l t  conc. 
In t1~-s t i t ia l  b lock  2 med. sa l t  cone. 
In ters t i t ia l  b lock  3 med. sa l t  cone. 
In ters t i t ia l  b lock  4 med. sa l t  conc. 
In ters t i t ia l  b lock  1 med. urea cone. 
In ters t i t ia l  b lock  2 med. urea cone. 
In ters t i t ia l  b lock  3 med. urea conc. 
In ters t i t ia l  b lock  4 med. urea conc. 
Co l lec t ing  duct  b lock  I med. sa l t  cone. 
Co l lec t ing  duct  b lock  2 med. sa l t  cone. 
Co l lec t ing  duct  b lock  3 med. sa l t  cone. 
Co l lec t ing  duct  b lock  4 med. sa l t  conc. 
Co l lec t ing  duct  b lock  I med. urea cone. 
Co l lec t ing  duct  b lock  2 med. urea cone. 
Co l lec t ing  duct  b lock  3 med. urea cone. 
Co l lec t ing  duct  b lock  4 med. urea cone. 
Osmol. cone. input  to  cor t i ca l  co l .  duct  
Osmotic cone. leav ing  cor t i ca l  co l .  duct  
Ar ter ia l  b icarbonate  concent ra t ion  
Potassium cone. leav ing  cor t .  co l l .  duct .  
Potassium concent ra t ion  in  ur ine  
Sodium concent ra t ion  in  ur ine  
Urea concent ra t ion  leav ing  loop of Henle 
D is ta l  de l ivery  of NaCl 
S ing le  nephron potass ium excret ion  
S ing le  nephron sodium excret ion  
S ing le  nephron urea excret ion  
S ing le  nephron rena l  b lood  f low 
S ing le  nephron e f fe rent  b lood  f low 
S ing le  nephron g lomeru lar  f i l l .  ra te  
S ing le  nephron loop-o f -Hen le  f low 
F i l t ra t ion  f rac t ion  
Flow of water  from prox .  tub .  to  in ters t i t .  
Water f low from CD b lock '1  to  in ters t~t ium 
Water f low from CD b lock  2 to  in ters t i t zum 
Water f low from CD b lock  3 to  in ters tx t ium 
Water f low from CD b lock  4 to  in ters t i t ium 
S ing le  nephron ur ine  f low 
Flow out  of the cor t i ca l  co l lec t ing  duct  
Tota l  rena l  g lomeru lar  f i l t ra t ion  ra te  
Tota l  rena l  b lood  f low 
Tota l  u r ine  f low 
Length of prox .  tubu le  fo r  b icarb ,  rea~. 
Loop of Henle absorpt ion  of NaCl 
Ur ine  osmot ic  concent ra t ion  
Prox.  pressure  due to  so lu te  assymetry 
Mean oncot ic  p ressure  in  g lomeru lus  
E f fec t ive  fo rce  dr iv ing  medu l la ry  system 
Percent  d i s ta l  de l ivery  
Percent  d i s ta l  reabsorpt ion  
Percent  prox imal  reabsorpt ion  
Percent  f rac t iona l  excret ion  
Mean g lomeru lar  hydrau l i c  p ressure  
Prox imal  tubu le  hydrau l i c  p ressure  
D is ta l  tubu le  hydrau l i c  p ressure  
Per i tubu lar  cap. hydrau l i c  p ressure  
Pro×. pressure  due to  sodium 
Pressure due so lu te  in  cot .  co l l .  duct  
Pressure in  cor t i ca l  in ters t i t ium 
Prox.  pressure  due to  b icarbonate  
Tota l  rena l  excret ion  of  potass ium 
Tota l  rena l  excret ion  of sodium 
Tota l  rena l  excret ion  of urea 
Tota l  p rox .  absorpt ion  of b icarbonate  
Tota l  amount of Na t ranspor ted  in  prox .  tub .  
where FHIc is the set point for loop of Henle flow rate, FHI is the new value of loop of 
Henle flow after a parameter change and GAIN represents the strength of the tubular- 
glomerular feedback loop. The results of the model predictions for renal blood flow. 
glomerular filtration rate, urine flow and sodium excretion over a range of arterial pres- 
sures, with and without feedback control of glomerular filtration rate. are presented in 
Fig. 4. The model predicts that in the absence of the tubuloglomerular feedback control 
system, renal blood flow, glomerular filtration rate. urine flow and sodium excretion would 
increase as arterial pressure was elevated. Addition of the tubuloglomerular feedback 
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Fig. 4. P red ic ted  re la t ionsh ips  between renal  b lood  f low (RBF) ,  g lomeru lar  f i l t rat ion rate (GFR) .  ur ine f low 
(UF) .  sod ium excret ion  (TexNa)  and  renal  per fus ion  pressure  (PART)  in the presence  and  absence  of  a tubu lar  
g lomeru lar  feedback  cont ro l  o f  GFR.  
system with a gain of 5 or higher was sufficient to explain the near constancy of glomerular 
filtration rate and renal blood flow over a range of perfusion pressures from 80 to 160 
mmHg. Using a lower feedback gain of 1, which is consistent with the strengths of many 
physiological control systems, blood flow and glomerular filtration rate were not well 
controlled and increased to a greater extent than that usually seen in experimental 
studies[28, 30, 33]. Although a relatively high gain (5 or greater) was needed to explain 
autoregulation of renal blood flow and glomerular filtration rate via a glomerulotubular 
feedback system, it should be noted that a recent study of Moore[34] suggests that the 
effective gain of this system may be as high as 40 in rats. 
Horrnonal control 
The major hormones regulating renal function are vasopressin, aldosterone and the 
renin-angiotensin system. In addition, numerous tudies indicate that the renal sympa- 
thetic nerves modulate proximal tubular reabsorption of solute and water in addition to 
their effect on renal hemodynamics. Based on the reported physiological action of these 
neural and hormonal controllers of kidney function, we have developed equations to put 
some of the model parameters under hormonal control. A description of these equations 
and examples of the predicted effect of changes in the activity of these neural and hormonal 
controllers on renal function are given below. 
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Vasopressin 
We have assumed that vasopressin regulates water excretion by influencing the water 
permeability of the cortical (KDIST) and the medullary collecting duct (KCD) as well as 
the magnitude of the cortico-medullary urea and salt gradients, DELUI and DELSI, re- 
spectively. The ability of vasopressin to increase the water permeability of the cortical 
and medullary collecting duct is well known and has been repeatedly demonstrated with 
both in vivo and in vitro experiments[14, 16, 18]. Increases in plasma vasopressin levels 
over the physiologic range have also been reported to produce approximately a 50% 
increase in salt concentration and a fourfold increase in urea concentration i  the med- 
ullary interstitium of the dog[19]. 
The exact nature of the relationship between plasma vasopressin levels and hydraulic 
conductivity of the collecting duct. however, is unknown. In man. urine osmolarity is 
minimal (approximately 50mOsmol/I) at plasma vasopressin levels of 0.5 pg/ml and rises 
to a maximum of approximately 1000 mOsmol/kg.H,_O, at plasma vasopressin concen- 
trations of 5.0 pg/ml[35]. In isolated, perfused rat cortical collecting ducts, Reif et a/.[36] 
have recently reported that osmotic water permeability increases in a log dose response 
manner over a range of vasopressin concentrations of 3-40 pg/ml. However. these itt vitro 
actions of vasopressin on the collecting duct appear to occur at doses greater than the 
physiologic range for man or rats. In the absence of any data for man, we assumed that 
linear relationships exist between plasma vasoppressin concentration, hydraulic onduc- 
tivities of the cortical and medullary collecting duct and the medullary salt and urea 
gradients. Equations (30)-(33) below describe the incorporation of vasopressin control of 
water excretion into the present model: 
KDIST = 0.001 + 0.1*HADH/5.0, 
KCD = 0.0001 + O.O05*HADH/5.0, 
DELSI = 30 + 30 × HADH/5.0. 
DELUI = 20 + 100 × HADH/5.0. 
(30) 
(31) 
(32) 
(33) 
KDIST represents the filtration coefficient of the cortical collecting duct. KCD is the 
filtration coefficient of the medullary collecting duct, DELSI is the salt gradient expressed 
in mEq/I in the inner medulla and DELUI is the urea gradient in the inner medulla ex- 
pressed in mmol/I. The minimum and maximum values for these parameters are as follows: 
0.001 -< KDIST -< 0.008, 
0.001 -< KCD -< 0.0006, 
30 - DELSI -< 60, 
20 -< DELUI -< 100. 
The predicted relationships between urine flow, urine osmolarity and plasma vaso- 
pressin levels are presented in Fig. 5. The model accurately predicts that urine flow 
decreases and urine osmolarity increases as vasopressin levels are varied within the phys- 
iological range from 0.5 to 10 pg/ml. Minimal urine osmolarity was predicted to be 50 
mOsmol/kg.HzO. Even though the four parameters under vasopressin control were lin- 
early equated with plasma vasopressin concentration, the model indicated that the ex- 
pected relationship between urine osmolarity and plasma vasopressin level was curvilin- 
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ear. This result is a consequence of the complex nonlinear flow rate dependence of the 
forces that drive fluid flows throughout the model. Confirmation of this prediction of the 
model, however, must await further studies since the relationship between urine osmo- 
larity and plasma vasopressin levels has not yet been experimentally determined in 
man[351. 
Aldosterone 
A[dosterone has been shown to regulate the rate of sodium reabsorption and potassium 
secretion in the cortical collecting duct[ 14, 15, 37]. The influence of aldosterone on sodium 
and potassium transport along the medullary collecting duct is unclear. Sodium and po- 
tassium reabsorption has been demonstrated in this nephron segment[38. 39]. It is also 
relatively well known that alterations in medullary collecting duct transport of these ions 
is important in determining the sodium and potassium excretory response to changes in 
the volume status of an animal[40]. However, it has not been possibie to demonstrate that 
these changes in medullary collecting duct function are related to alterations in plasma 
aldosterone concentration[40]. In one study, Sonnenberg reported that the inhibition of 
medullary collecting duct sodium reabsorption during volume expansion was not influ- 
enced by mineralocorticoid levels[40]. Part of the problem may be related to limitations 
in studying the papillary collecting duct in vivo. That is, exposure of the papilla for mi- 
cropuncture, which impairs the urinary concentrating mechanism, may trigger the release 
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of prostanoids or kinins which mask the influence of aldosterone on the medullary col- 
lecting duct. Nevertheless, despite the lack of positive experimental data to support our 
hypothesis, we have assumed that sodium reabsorption i the medullary collecting duct 
is directly related and potassium reabsorption is inversely related to plasma aldosterone 
concentration. 
Very little experimental data exists on the relationship between sodium and potassium 
transport in the collecting duct and plasma aldosterone concentration i  man or animals. 
In the absence of this crucial information, we assumed that the rates of sodium-potassium 
exchange in the cortical collecting duct are linearly related to aldosterone l vels and can 
be expressed by Eq. 134): 
TNACCD = 0.1 + 0.5 × HALDO/10.0, (34) 
where TNACCD is the rate of sodium reabsorption and potassium secretion in the cortical 
collecting duct and are expressed in pmol/min/mm tubular length, HALDO is the plasma 
level of aldosterone expressed in ng,'dl and 10 represents the normal circulating plasma 
aldosterone concentration i  man[39]. The rate of sodium reabsorption i all medullary 
collecting ducts. TNAMCD expressed in pmol/min/mm length of the papilla was assumed 
to also be related to plasma aldosterone l vels using Eq. 135). The slopes of these rela- 
tionships were empirically determined to mimic experimental data in the dog indicating 
that a tenfold rise in sodium excretion was associated with approximateb a 50,c~ /'all in 
plasma levels of aldosterone[42]: 
TNANICD = 5 -- 35.0 × HALDO/10.0. (35) 
In addition to influencing sodium transport in the distal nephron as discussed earlier. 
aldosterone also regulates the rate of potassium secretion in the cortical collecting duct. 
This influence of aldosterone on potassium transport was modeled as follows. We assumed 
that potassium delivery to the cortical collecting duct could be calculated as follows 
Kdelivery = CKA x FHI, 361 
where CKA is the arterial potassium concentration (mEq/l) and FHI is the loop of Henle 
flow expressed in ml/min. We assumed that the rate of potassium secretion in the cortical 
collecting duct was equal and opposite to the rate of sodium reabsorption (TNACCD)[14. 
15]. The reabsorption of sodium in the cortical collecting duct (TNACCD) is under the 
control of aldosterone as defined by Eq. (34). The concentration of potassium leaving the 
cortical collecting duct (CKCCD) was calculated using Eq. (37): 
CKCCD = (CKA + TNAMCD x LT) × FH1/FCCD, {37t 
where CKA is arterial potassium concentration, TNAMCD represents the potassium se- 
cretion rate in pmol/min-mm tubule, LT is the length of the distal tubule-cortical collecting 
duct nephron segment[16]. FH1 is the flow rate entering the cortical collecting duct and 
FCCD is the flow rate leaving the duct in nl/min. 
In the medullary collecting duct, micropuncture studies by Dietz et al.[43] indicate that 
approximately 50c~ of the delivered load of potassium is reabsorbed. As discussed above, 
we have assumed that potassium reabsorption i the medullary collecting duct would be 
inversely related to plasma levels of aldosterone and can be defined by Eq. (38) below: 
TKMCD = 5000/TNAMCD + 20, (38) 
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where TKMCD is the rate of potassium reabsorption i the medulla in pmoles/min/med- 
ullary segment, 5000 pmoles of potassium reabsorption per medullary segment represents 
an empirically determined constant. TNAMCD is the rate of sodium reabsorption which 
is directly related to plasma levels of aldosterone through Eq. (35). 
The predicted relationship between the total renal excretion of both sodium and po- 
tassium as a function of plasma aldosterone concentration is depicted in Fig. 6. In accord 
with experimental data in the dog[41.42, 44]. the model predicts that sodium excretion 
declines and potassium excretion increases as plasma levels of aldosterone are elevated. 
We recognize that the model predicts that sodium and potassium excretion are very sen- 
sitive to plasma levels of aldosterone. This is consistent with the data of Young et a/.[42] 
in the dog. However, we expect that as data becomes available concerning the exact 
relationship between plasma aldosterone levels and sodium and potassium excretion in 
man, possible adjustments in the slopes of Eqs. 134) and (35) will be required so that 
model prediction better fit human experimental data. 
Renin-angiotensin system 
The renin-angiotensin system has been shown by Hall et a1.[33] to exert an important 
influence on the vascular tone of the efferent arteriole. It also has been recently reported 
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that the afferent arteriolar tone also increased when plasma renin levels are elevated[44. 
45]. We have modeled these actions of the renin-angiotensin system using the following 
equations: 
REFF = 0.03 + 0.04 × HPRA/2.0, 
RAFF = 0.05 + 0.2 x (HPRA - 4.0), 
(39) 
(40) 
where REFF is efferent arteriolar esistance, RAFF is the afferent arteriolar esistance. 
HPRA is the plasma renin activity expressed as ngA1/ml/3h, 2.0 ngAl/ml/3h was taken 
as normal plasma renin activity. The minimum and maximum allowable values tbr REFF 
and RAFF were 
0.30 -< REFF -< 0.07. 
0.05 ~ RAFF -< 1.0. 
Our initial analysis demonstrated that a high gain tubuloglomerular feedback system for 
control of glomerular filtration rate that adjusts afferent arteriolar esistance would ov- 
erride the vasoconstrictor action of the renin-angiotensin system. It became clear that the 
renin-angiotensin system must do more than simply affect the tone of the afferent and 
efferent arterioles in order to explain its effect on renal blood flow and glomerular filtration 
rate in the presence of a feedback system. In attempting to model the vasoconstrictor 
actions of the renin-angiotensin system, we have hypothesized that the renin-angiotensin 
system alters the set point of tubuloglomerular feedback system according to Eq. (41) 
below: 
FHI = FHI - (HPRA - 4.0), (41) 
where FHI is the controlled value for loop of Henle flow in nl/min and HPRA is the plasma 
renin activity in ngAI/ml/3h. The predicted relationships between plasma renin activity 
and renal blood flow, glomerular filtration rate, urine flow and sodium excretion are 
presented in Fig. 7. At plasma renin activity levels between 0 and 2 ngAl/3h, plasma renin 
activity primarily affected the filtration fraction. Glomerular filtration rate increased, and 
renal blood flow decreased as plasma renin activity was elevated. As plasma renin levels 
were increased further, both renal blood flow and glomerular filtration rate were reduced. 
The fall in glomerular filtration rate produced a marked ecrease in urine flow and sodium 
excretion. Overall, these results resemble dose-related renal effects of angiotensin II in 
the dog[33, 46] and indicate that most of the actions of the renin-angiotensin system can 
probably be explained by its ability to regulate renal vascular tone. While there is some 
recent evidence to indicate that the activity of the renin-angiotensin system influences 
the strength of the tubuloglomerular feedback response[45, 47], it remains to be dem- 
onstrated experimentally whether it also affects the setpoint of the feedback system as 
the model suggests it might. 
Renal  nerve act ivity 
Low-frequency renal nerve stimulation at 1-4 Hz has been shown to enhance proximal 
tubular reabsorption of sodium and water[48]. The mechanism for this neurogenic en- 
hancement of sodium reabsorption is unknown, but recent preliminary data by Osborn 
and Roman[49] indicates that the renal nerves may affect fluid reabsorption i  the proximal 
tubule by increasing bicarbonate reabsorption through stimulation of Na-H exchange. 
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We have tested this hypothesis using the model by assuming that renal nerve activity 
influences the transport rate of bicarbonate in the proximal tubule according to Eq. (42): 
THCO3P = 100 + (300 x NRNA) (42) 
where THCO3P is the rate of sodium bicarbonate reabsorption in the proximal tubule 
expressed as pmoles/min/mm lenght of tubule, and NRNA is the renal nerve activity 
expressed as a factor times the normal value of 1. Proximal tubular reabsorption of sodium 
bicarbonate was allowed to vary over a range of 0 to 600 pmole/min/mm length of tubule. 
High levels of renal nerve stimulation in the 4-10-Hz range also has been shown to 
lower renal blood flow and glomerular filtration rate by constricting the afferent arter- 
iole[48]. These actions of the renal nerves were modeled using Eq. (43): 
RAFF = 0.05 + 0.2 x (NRNA/4.0),  (43) 
where RAFF is afferent arteriolar resistance, and NRNA is the level of renal nerve ac- 
tivity. In the presence of tubuloglomerular feedback system for the control of GFR: how- 
ever, Eqs. (42) and (43) proved insufficient to mimic the ability of renal nerve stimulation 
to lower renal blood flow. As proximal tubular reabsorption increased or glomerular fil- 
tration rate was reduced by stimulation of the renal nerves, the feedback system attempted 
to compensate by decreasing afferent arteriolar tone. In order to adequately simulate the 
action of the renal nerves or renal blood flow, we proposed that renal nerves affect the 
set point of tubular glomerular feedback according to Eq. (44): 
FHI = FHI - (NRNA - 1), (44) 
where FHI is the controlled value for loop of Henle flow expressed in nl/min. This flow 
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rate was allowed to vary over a range of values from 1 to 18.5 hi/rain. The predicted 
relationships between renal sympathetic nerve activity (NRNA) and renal blood flow, 
glomerular filtration rate, urine flow and sodium excretion are presented in Fig. 8. As the 
renal nerve activity was increased above normal, both urine flow and the total renal 
excretion of sodium fell markedly with little change in renal hemodynamics. At higher 
levels of renal nerve activity, both renal blood flow and glomerular filtration rate began 
to fall. These results are qualitatively in line with the results of many experiments in the 
dog reviewed by DiBona[48]. Our hypothesis that renal nerves must affect the set point 
of the tubuloglomerular feedback system is consistent with recent findings of Osborn et  
al.[50] who found that during nerve stimulation, the kidney of the dog autoregulated renal 
blood flow and glomerular filtration rate at a lower level of flow. More direct experimental 
data will be needed to evaluate our hypothesis that the renal nerves modulate the setpoint 
of the tubuloglomerular feedback system. 
Effect of J'ttrosernide on renal concepltrating ability 
To further evaluate the ability of the kidney model to predict changes in renal function 
when more than one parameter was altered simultaneously, we studied the effect of fu- 
rosemide on urinary concentrating ability. The results of these experiments are presented 
in Fig. 9, As discussed earlier, urine flow decreased and urine osmolarity increased when 
plasma vasopressin levels were varied from I to 10 p~ml. The effect of furosemide was 
superimposed on this relationship by lowering the transport rate of sodium chloride in 
the loop of Henle (TNAH) from 1000 to 200 pmoles/min/mm tubular length. Furosemide 
administration produced a large increase in urine flow and blocked the ability of vaso- 
pressin to concentrate the urine. After furosemide, urine osmolarity ranged between 300 
and 500 mOsmol/kg.HzO regardless of the plasma level of vasopressin. Thus the renal 
model accurately predicted the diuretic-natriuretic effect of lowering the loop of Henle 
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transport constant with furosemide as well as indicating that this drug prevents formation 
of either a concentrated or a dilute urine[51]. 
Glomerular injur3' 
Our final simulation was performed to illustrate the usefulness of the kidney model to 
study the overall effect of multiple changes in renal parameters which often occur in the 
course of a disease process. For this example, we have chosen to evaluate the effect of 
lowering the ultrafihration coefficient of the glomerulus (KFGLOM) by 50% on renal 
blood flow, glomerular filtration rate, urine flow and sodium excretion. A fall in the ultra- 
filtration coefficient of the glomerulus is thought to be the underlying cause of several 
forms of acute and chronic renal failure[52, 53]. The results of these experiments are 
presented in Fig. I0. Lowering the glomerular ultrafiltration coefficient resulted in a low- 
ering of glomerular filtration rate, urine flow and sodium excretion at any level of arterial 
pressure. Renal blood flow increased because the tubuloglomerular feedback system com- 
pensated for the reduced KFGLOM by reducing afferent arteriolar resistance to its min- 
imum value in an attempt to normalize glomerular filtration rate. The resultant rise in 
glomerular capillary pressure would be detrimental to the kidney, tending to destroy 
glomeruli and augmenting nephron loss. 
Eventually, the reduced output of sodium and water in these patients with compromised 
renal function would result in a slight volume expansion that would suppress plasma levels 
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of vasopressin, aldosterone and renin[54]. Also shown in Fig. 10 are the results of another 
simulation representing the steady-state condition after the renal hormones were allowed 
to compensate for glomerular injury. As can be seen in Fig. 10. after vasopressin, aldos- 
terone, and renin levels were suppressed, urine flow and sodium excretion returned toward 
control despite the fact that the glomerular filtration rate remained suppressed. These 
results approximate the initial and long-term effects of glomerular injury that have been 
previously described[52-54]. 
5. CONCLUSIONS 
In summary, we have described a compartmentalized computer model of the human 
kidney that incorporates feedback control of glomerular filtration rate as well as neural 
and hormonal control of renal function. Using published values of solute transport rates 
in individual nephrons, published hydraulic single-nephron permeabilities, tubular lengths 
and diameters, the model quantitatively predicted urine flow, sodium and potassium ex- 
cretion, renal blood flow, glomerular filtration rate, etc., for any given level of arterial 
pressure and neural and hormonal input to the kidney. The model appeared to accurately 
predict the changes in renal function produced by changes in renal hormone levels. It 
also was useful to describe those changes in renal function known to occur after admin- 
istration of diuretic drugs or that are associated with many disease states. By changing 
a few parameters, uch as ultrafiltration coefficients and number of nephrons, this same 
renal model can be used to simulate the kidney of rats and dogs as well as humans. The 
renal model is available from the authors on diskettes and can be run on a variety of 
personal computers using the MS-DOS or PC-DOS operating systems. This model should 
be useful as a research tool to help evaluate hypotheses concerning the control of renal 
function as well as to predict changes in kidney function expected uring disease states 
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when renal  hormone leve ls  and o ther  determinants  o f  renal  funct ion  are s imu l taneous ly  
a l te red .  Th is  mode l  shou ld  a lso be usefu l  in teach ing  renal  phys io logy  and  the under ly ing  
causes  of  rena l  d i sease  a f te r  be ing  coup led  to a computer -based  ins t ruc t ion  subrout ine  
we are deve lop ing .  
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